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Supporting Materials and Methods
Yeast strains
We used previously evolved [1] YPH500 haploid Saccharomyces cerevisiae clones (α, ura3-52, lys2-801, ade2-101, trp1Δ63, his3Δ200, leu2Δ1; Stratagene) with wild-type and seven rtTAmutant PF synthetic gene circuits [2] stably integrated into chromosome XV near the HIS3 locus (Table S1 ). A 2% weight of galactose Synthetic Dropout (SD) culture medium with appropriate supplements (-his, -trp) was used to maintain auxotrophic selection (all reagents from Sigma).
Cells were grown in SD-his-trp + 2% galactose plus Doxycycline and Zeocin as indicated at 30°C, shaking at 300 rpm (LabNet 311DS shaking incubator).
Experimental evolution
Previously [1] , mutant strains were isolated and stored in 27% glycerol (Thermo Fisher Scientific) at -80C. Seven mutant strains were picked from the -80C stock, streaked onto SDhis -trp 2% glucose plates (all reagents from Sigma) and incubated at 30⁰C for 2 days. One isolated colony from each plate was cultured in liquid SD -his -trp 2% galactose media at 30⁰C & 300rpm for 24 hours. For each strain, 10 5 cells were resuspended into 1mL of D2Z0 (2 µg/mL Doxycycline) and D2Z2 (2 µg/mL Doxycycline (Thermo Fisher Scientific), 2mg/mL Zeocin (Thermo Fisher Scientific)) conditions (3 replicates each) every ~24h. Fluorescence (BD Accuri TM ) and cell counts (Nexcelom) were measured daily. The experiment lasted for 14 days.
Cell Sorting
Missense 1, 2 and 3 populations were FACS-sorted at day 4 using the BD FACSAria TM III.
Sorting parameters were set on the BD FACSDiva TM 8.0 software. High-sorted cells were collected from the highest 5-10% of the high-expressor subpopulations. Collected low-and highexpressor subpopulations were cultured separately in D2Z2 for 12 days. Flow-cytometry (BD Accuri TM ) and cell counts (Nexcelom) were performed daily on the sorted samples.
Flow-cytometry
The BD FACSAria TM III at the Stony Brook Flow-cytometry facility was used for cell sorting.
The BD Accuri™ C6 flow-cytometer was used to collect data for hyperinduction, experimental evolution for sorted and unsorted populations.
The BD FACSCalibur™ at the Stony Brook Flow-cytometry facility was used to collect data for slow growth rate and phenotyping experiments.
Estimation of population fitness
We counted cells daily using the Nexcelom Bioscience Cellometer Vision cell counter. The daily (T=24h) resuspension of a low number of cells (10 5 ) ensures that cells remain in the exponential growth phase throughout these experiments. Therefore, based on Nexcelom cell counts before each resuspension, we can use the exponential growth equation to estimate the population growth rate, : = 1 ln (
) .
Hyperinduction and slow growth rate experiments
To classify quasifunctional, dysfunctional and nonfunctional rtTA mutants, we cultured them in 6 µg/mL (D6Z0) or 8 µg/mL (D8Z0) Doxycycline (Thermo Fisher Scientific) added to SD-his-trp for 24h. Flow-cytometry (BD Accuri TM ) was performed to measure gene expression levels.
To assess the effect of slow growth rate on mutant and ancestral PF circuit dynamics, we cultured mutant (Missense 1, 2, 3, Nonsense and Deletion) and ancestral PF strains in 2 µg/mL Doxycycline (D2Z0) +7.5% 200 proof ethanol (Pharmco) for 4 days. Cells were resuspended at a 10 5 cells/mL density every day. We measured cell counts daily and protein expression by flowcytometry on days 1, 2 and 4 (BD FACSCalibur TM ). Additionally, we conducted the same experiment using Cisplatin (Selleckchem) and G418 (Gemini Bio-products), each at a concentration of 40µg/mL.
Zeocin only growth curve monitoring
Original mutants and evolved replicates were cultured in the D0Z2 (2mg/mL Zeocin (Thermo Fisher Scientific)) condition at a concentration of 10 5 cells/mL. Growth curves were monitored through OD600 measurements (every 20 minutes for 24 hours) using the Tecan Infinite® 200 PRO plate reader. The following strains were monitored in D0Z2:
-Original (unevolved) ancestor strains of each mutant.
-Replicate 3 (WGS replicate) of evolved populations of each mutant, from day 14 of experimental evolution, except for Missense 3 where all replicates were tested.
-Sequenced and phenotyped clonal isolates (shown in Tables S3-S5) for each mutant.
In addition, for control and comparison purposes, we monitored the growth of ancestral PF in D0Z0, D2Z2 and D0Z2. Table S1 . Genotypes of the 7 mutants before the evolution experiment. Table S3 . Genotyping and phenotyping of individual clones evolved from quasifunctional mutants Missense 1 and Missense 2. Genomic mutations reported here arose during the 14-day evolution experiment. 
Primer name Sequence
TRP-f ATGTCTGTTATTAATTTCACAGGTAGTTC rtTA-seq-int-r-cg CGACTTGATGCTCTTGTTCTTCCAATACGCAACC rtTA-seq-int-f-cg GCCAACAAGGTTTTTCACTAGAGAATGCATTATATG Tetreg-AflII-f GCGCCTTAAGGCGCCACTTCTAAATAAGCGAATTTC rtTABamHI2-f GCGCGGATCCATGTCTAGATTAGATAAAAGTAAAG FFF-XhoI-r GCGCCTCGAGTTAACCTGGCAACATATCTAAATCAAAGTCATC Backbone-r CGCGTTGGCCGATTCATTAATGC His-f ATGACAGAGCAGAAAGCCCTAGTAAAGC ZeoR-XhoI-r GCGCCTCGAGTCAGTCCTGCTCCTC
Mathematical modeling
The goal of mathematical modeling is to qualitatively understand: (i) Wild-type PF gene circuit dynamics, e.g., why does it have two gene expression peaks above a threshold inducer concentration, and why does the position of the high peak stay relatively constant at high induction?; (ii) How did the wild-type PF gene circuit brake down in D2Z0, giving rise to quasifunctional, nonfunctional and dysfunctional mutants?; (iii) How quasifunctional and dysfunctional mutants regained high expression transiently in D2Z2, without any intra-circuit mutations, despite the rarity or complete absence of high expressors in D2Z0; (iv) How the quasifunctional and some but not all dysfunctional mutants evolved to lose high expression without intra-circuit coding sequence mutations, as described in the main text. The model is not intended to match experimental data. Instead, it illustrates qualitatively how various topological relationships between synthesis and loss curves can give robustly rise to the wild-type PF and mutant behaviors.
Deterministic (ODE) model for the wild-type PF gene circuit
To describe the wild-type, original PF gene circuit, we consider the following set of ordinary differential equations (ODEs) from [2] , according to the drawing on the right: where w is inactive rtTA, x is active rtTA, y is intracellular ATc/Dox and z is yEGFP::ZeoR.
We assume that the promoter response function to active rtTA protein, x, is a Hill function:
, where θ and n are Hill parameters, and l is a promoter leakage term.
Since total rtTA and yEGFP::ZeoR obey identical equations, their levels are identical in the model: z=x+w. Next, we focus on inactive (inducer-free) rtTA, w, and consider the other variables to be at steady state.
In the system of ODEs that describes the PF gene circuit there is no feedback from z to any other variables. Therefore, the first three equations can be analyzed separately. The results are robust to parameters (modified from [2] ). Changing one parameter may require other parameter changes to ensure the synthesis and loss rate curves intersect or miss each other as described below. A set of parameters closely reproducing wild-type PF dynamics (e.g., a saddle-node bifurcation at Dox=0.05 μg/mL) is the following: a=20; b=5; g=0.25; f=2; h=2.5; l=0.01; n=4; θ=0.75. In the next sections, we use slightly different parameters (as in the main text), to facilitate visualization. Parameter units can be found in [2] . The effects of the original seven mutations and then the new mutations can be modeled by parameter changes equivalent to the ones described below.
Analyzing the full equation (without making approximations, assuming n > 2), we obtain the following cases for the solutions (steady states) given by the intersections of red and blue curves. The Matlab scripts uploaded as Supporting Files produce these results.
Case 1. The line y=gx misses
L F from below. This case is discussed just for completeness; it does not correspond to PF behavior. It occurs when l is large (here, a=20; b=5; g=0.25; f=2; h=2.5; l=0.5; n=4; θ=5). The system is monostable, irrespective of Doxycycline. Only one physical solution exists, which could be low or high, given approximately by:
The left plot below shows the dose-responses of the biochemical species w (free rtTA), x (active rtTA), y (intracellular inducer) and z (reporter) on the left. The right plot shows the rate functions FR(x) and FL(x) from above. The thick black triangle on the first (left) plot marks the Doxycycline (C) concentration for the plot on the right. This case illustrates a capability of the generalized system to be monostable high; this is not wild-type PF behavior. Note that total rtTA, or the sum of free rtTA, w and inducer-bound rtTA, x equals yEGFP, as expected due to the identical PF promoters: z = x+w. Case 2. The line y=gx intersects the Hill function three times. This is the actual wild-type PF system. The number of solutions (steady states) is 1 to 3 depending on Doxycycline (C), as described below. The thick black triangle on the left plot marks the Doxycycline (C) concentration for the other plot. Denoting the three intersection points of the line y=gx with the Hill-type function FL(x) by x1, x2, and x3, respectively, the following subcases exist.
Subcase 2A. At low Doxycycline concentrations, the system is monostable low (one intersection). This is the PF system at low induction, below the bimodality threshold, as shown below.
( )
Subcase 2B. At medium to high Doxycycline concentrations, the system is bistable (three intersections). This is the PF system above the bimodality threshold. The system seems to remain bimodal for arbitrarily high Doxycycline concentrations.
( ) ( ) 1  2  1  1  2   1  2  1  2  2  3  2  3   1  2  1  2  3  3 , if , if
Here, to roughly capture standard PF behavior we used a=20; b=5; g=0.25; f=2; h=2.5; l=0.05; n=4; and θ=5. The behavior is shown on the plots below.
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The system undergoes a saddle-node bifurcation at Cf = gx2, where a new stable and an unstable node emerge. The system is bistable for any Cf > gx2, thus two peaks exist even at very high Dox. The saddle-node bifurcation occurs as the loss rate function FR(x) first touches, then crosses the Hill-type synthesis rate function FL(x) from above.
Case 3. The line y=gx misses the Hill function from above. This occurs when a is small, and g is large, for example. This is not standard wild-type PF behavior, it is listed here only for completeness. The system is monostable low, irrespective of Doxycycline concentration. Only one low-expressing physical solution exists, given approximately by
To obtain this behavior, we had: a=20; b=5; g=0.5; f=2; h=2.5; l=0.05; n=4; θ=25.
Mathematical model for the nonfunctional PF mutants
Next, we ask how the PF gene circuit can be broken in nonfunctional mutants. These mutants are monostable low, regardless of Doxycycline.
One way, of course, is to completely defunctionalize rtTA, for example by flattening the Hill (sigmoidal) synthesis rate function. This means that the promoters do not respond to rtTA, as for the Deletion and Duplication mutants. These mutants cannot become bistable under any curcumstances.
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The parameters used here were: a=1; b=5; g=0.25; f=2; h=2.5; l=0.05; n=0; θ=5.
Mathematical model for the quasifunctional PF mutants
Next, we seek to explain the properties and behavior of "quasifunctional" mutants that generate a high peak due to hyperinduction with Doxycycline. One way to obtain such "quasifunctional" mutants is by increasing the Hill threshold θ compared to the original PF -for example, from 5 to 25. This can certainly happen in Missense mutants if they alter the protein's binding properties to DNA. Now the magenta line y=gx will still intersect the Hill function 3 times. However, due to the singularity, in D2Z0 there is only a single intersection of the Hill function with the red elbow curve FR(x), hence the quasimonostable low behavior in D2Z0. Note that the tiny experimentally observed highexpression peak can arise if the FR(x) and FL(x) curves barely intersect or even if they just approach each other if noise enables cells to access the high expression state.
The quasifunctional parameter set is: a=20; b=5; g=0.25; f=2; h=2.5; l=0.05; n=4; and θ=25.
Below we see how bistability is recovered by hyperinduction (Dox=6μg/mL, D6Z0), which shifts the red elbow curve's singularity rightward, allowing the red curve to intersect the blue curve 3 times.
Besides hyperinduction, slow growth can also cause bistability or move the cells deeper into the bistable regime. The following plots illustrate the effect of slow growth rate (due to ethanol, Zeocin, or other factors) on the dynamics. The plots indicate that slow growth rate can convert a quasifunctional, otherwise quasi-monostable system into a bistable system, enabling high expression.
These plots imply that ethanol, Zeocin, Cisplatin or other stressors can enrich "quasifunctional" mutants in high expressors compared to pure D2Z0. So, the emergence of the high peak is due to a dynamic shift, besides phenotypic selection.
Why does the high peak diminish without any intra-circuit mutations for "quasifunctional" mutants? It is again due to a growth-related reverse dynamic shift. The bistable populations still have a low peak initially, which is hit by the drug. If any cells acquire an extra-circuit mutation that stops Zeocin from harming those low-expressor cells, their growth will accelerate, returning the whole population to the quasi-monostable low state, but now in D2Z2, as opposed to D2Z0. See the plots above.
Mathematical model for the dysfunctional PF mutant
Finally, we seek to explain the properties and behaviors of the dysfunctional mutant Missense 3. This mutant is not hyperinducible, but still develops bistability due to slow growth. One way for this to happen is if the Hill-type sigmoidal synthesis rate function shrinks (e.g., its highest level shifts down, closer to the basal level) until the magenta and red lines miss it from above, so Missense 3 will be unimodal in D2Z0 and will not respond to any hyperinduction with Doxycycline. The parameters are: a=2; b=5; g=0.25; f=2; h=2.5; l=0.05; n=4; θ=5.
